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The Mo-content dependence of structure and magnetic properties of ( , 2, 3, 4, 5) nanocrystalline
materials has been studied. The samples consist of hard-magnetic and soft-magnetic Co phases. The substitution of Mo for
Co restrains the formation of Co, raises the content of , and increases the mean grain size of . Therefore, the coercive
force of the sample increases with x. A coercive force of 7.9 kOe, which is a highest value reported among Zr-Co alloys, was achieved for
. The anisotropy field of remains almost unchanged with increasing Mo content.
Index Terms—Coercive force, intermetallic, magnetic property, nanomaterials.
I. INTRODUCTION
Zr-Co alloys have attracted much attention due to interesting
properties such as superconductivity, high glass forming ability,
and potential suitabilibity for permanentmagnetism [1]–[3]. Re-
cently, much work was focused on hard magnetism of Zr-Co al-
loys. is a hard magnetic phase with the anisotropy field
of 34 kOe [4]. Depending on the preparation process, its crystal
structure may be rhombohedral or orthorhombic. Although the
basic structure is denoted as , a range of composition
exists and it is often found that the stoichiometry corresponds to
[5]. Our recent work shows that the coercive force of
-based nanocrystalline material was enhanced by the
addition of Zr. The maximum coercive force of 2.7 kOe was
obtained for nanocrystalline . It was re-
ported that the magnetic polarization of Zr-Co alloys was in-
creased to 11.6 kG after the introduction of 15 at% Fe [6]. It
is known that the coercive force of a permanent magnet should
be larger than half of saturation magnetization in order to im-
prove energy product as much as possible. It is necessary to
further increase the coercive force of -based nanocrys-
talline materials. In general, the maximum coercive force of
hard magnetic material is about one third of the anisotropy field.
Thus the maximum coercive force of -based nanocrys-
talline material might be improved to about 11 kOe. It was
found that B addition obviously improved the coercive force of
-based nanocrystalline material [7]. The coercive force
of -based nanocrystalline material also was efficiently
enhanced by the introduction of Mo [8].
In this work, the structure-property relationship of nanocrys-
talline has been analyzed. The crystal
structure of is rhombohedral. The anisotropy field of
for nanocrystalline is almost
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Fig. 1. XRD patterns of nanocrystalline and
( , 3, 4).
constant. Mo addition is helpful for the formation of .
The coercive force of the sample increases with x. The focus of
this work is the origin of coercive force enhancement.
II. EXPERIMENTAL METHOD
Ingots of and ( , 2, 3,
4, 5) were arc melted from high-purity elements in an argon at-
mosphere. The ribbons were made by ejecting molten ingots in
a quartz tube onto the surface of a rotating copper wheel with
speeds of from 5 to 40 m/s. The typical size of ribbons is 2 mm
wide and 50 thick. The phase identification was performed
by Rigaku D/Max-B X-ray diffraction (XRD) with copper ra-
diation. The magnetic properties were measured by supercon-
ducting quantum interference device (SQUID) magnetometer at
fields up to 7T. The applied field is parallel to the long direction
of ribbon.
III. RESULTS AND DISUSSIONS
Fig. 1 shows XRD patterns of nanocrystalline and
( , 3, 4). The diffraction peaks of
and were indexed with rhombohe-
dral and hcp Co. The relative intensity of the diffrac-
tion peaks from Co for are lower than that for
, indicating that combinational addition of Si and B
evidently restrains the formation of Co. By the same token, Mo
addition further inhibits the generation of Co. No diffraction
peaks from Co or other phase were detected for , implying
U.S. Government work not protected by U.S. copyright.
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Fig. 2. Hysteresis loops of nanocrystalline and
( , 3, 5) (the inset showing saturation
fields for , 3, 5) (a) and deduced magnetic properties as a function of
x (b).
predominantly single phase . In addition, the full-width
at half-maximum (FWHM) of diffraction peak at 44.12 for
is reduced with x. This means that the average grain
size of increases with x. FWHM of diffraction peak
at 44.80 for Co increases with x. This indicates that the mean
grain size of Co is reduced with x.
Fig. 2 presents the hysteresis loops of nanocrystalline
and ( , 3, 5) and the
deduced magnetic properties as a function of x. It is seen that
coercive force and magnetization of the specimen are strongly
dependent on the alloy composition. The law of approach to
saturation (LAS) is used to fit the high-field part of hysteresis
loops [9]. The equation for LAS is described as follows:
(1)
(2)
where is the spontaneous magnetization. is the mag-
netocrystalline anisotropy parameter. is the high-field
susceptibility.
Fig. 3. Hysteresis loops at various temperature of nanocrystalline
. The upper left inset showing the en-
larged part of hysteresis loops. The lower right inset showing temperature
dependence of magnetocrystalline anisotropy parameter, anisotropy field, and
coercive force.
The values of and were determined by fitting the ex-
perimental curves to (1), (2). The results are shown in Fig. 2(b).
The anisotropy field was calculated as [10]. The
saturation field of the typical sample is shown in the inset of
Fig. 2(a). The saturation field of all the samples is almost the
same as respective anisotropy field. It is assumed that the sat-
uration field of the sample represents the anisotropy field of
. The anisotropy field of is almost unchanged
with x. The addition of Si and B obviously inhibits the forma-
tion of Co which may provide the nucleation site of reversed
domains. Thus the coercive force of increases
2.8 times in comparison with that of . Mo addition
together with Si and B further restrains the generation of Co.
This leads to a continuous enhancement of coercive force with
the increase of Mo content. For , the sample consists of
single hard magnetic phase. The coercive force im-
provement with increasing Mo content may reflect the transi-
tion from random-anisotropy averaging to strong pinning as the
grain size increases.
Fig. 3 shows the temperature dependence of hysteresis loops
for nanocrystalline . The hys-
teresis loop at 300 K of the sample exhibits a single-phase mag-
netic behavior, indicating the existence of strong intergrain ex-
change coupling action. The coercive force of the sample en-
hances with the reduction of the temperature. This results from
the increase of the anisotropy field for . Generally, in-
tergrain exchange coupling (IEC) is positively proportional to
[11], where, is the exchange constant of soft mag-
netic phase, and is the magnetocrystalline anisotropy param-
eter of hard magnetic phase. The lower right inset shows that
of has a small change with the reduction of tempera-
ture. It is inferred that IEC slightly changes with the decrease
of temperature. Thus, the rectangular shape of demagnetization
curves for is almost unchanged with the reduction of
temperature.
Fig. 4 shows wheel speed dependence of the coercive
force for nanocrystalline .
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Fig. 4. Wheel speed dependence of coercive force for nanocrystalline
.
The coercive force of the sample has a maximum coercive
force at a critical wheel speed of almost 10 m/s. As wheel
speed is smaller than this value, the crystallite becomes larger.
Coercive force decreases because the grain subdivides into
multidomains. When wheel speed is larger than the critical
value, the crystallite becomes smaller and the coercive force
decreases. Coercive force also decreases because intergrain ex-
change coupling action strengthens and the effective anisotropy
weakens. This kind of grain size dependence of coercive
force may be a character of single-phase permanent magnetic
materials. Similar phenomenon was observed in single-phase
nanocrystalline materials [12].
IV. CONCLUSION
The -based nanocrystalline materials have been pro-
duced by melt spinning. Structure and magnetism of nanocrys-
talline ( , 2, 3, 4, 5) has been inves-
tigated. The samples are composed of rhombohedral
and hcp Co, where is the hard phase. Its crystal struc-
ture is rhombohedral. Mo addition strongly inhibits the forma-
tion of Co which usually is the nucleation center of reversed
domain. Therefore, coericive of the specimen was greatly en-
hanced. A coercive force of 7.9 kOe, which is 7 times higher
than that of alnico, was obtained for . The saturation field
of the sample may represent the anisotropy field of .
The coercive force enhancement of with the reduction
of temperature arises from the increase of anisotropy field. The
magnetization of the nanocrystalline materials with
single phase may be improved by adding limited amounts of
Fe or introducing soft magnetic phase Co with a small cost of
coercive force.
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